Abstract -We used the Ussing chamber model to study heme iron absorption by rat duodenal mucosa. Heme iron was obtained by enzymic digestion of bovine haemoglobin and concentration of heme (HPH). Its uptake and mucosal transfer was compared to iron gluconate (Gluc), at 100 !M and 1 mM. At 100 )lM iron uptake (Qtot), mucosal retention (Qm) and transfer across the mucosa (Qs) was similar for the two sources of iron. Qs was significantly higher at 1 mM for Gluc but not for HPH, and was associated with higher levels of Qm. Addition of L-histidine did not improve iron absorption and indeed it decreased it if iron was provided as Gluc. L-cysteine increased the transfer of iron of both sources. In the in vitro model using rat digestive mucosa, heme iron appeared to be an efficiently used source 
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There was a significant difference between 100 11 M and 1 mM HPH in terms Qtot (t = 5.3, P < 0.001) and Qm (t = 5.4, P < 0.001), but not Qs (t = 0.87, P = 0.41).
There was a significant difference between 100 pM and 1 mM Gluc iron in terms of Qtot (t = 43.8, P < 0.001), Qm (t = 45.5, P < 0.001) and Qs (t= 10.1, P < 0.001). Neither Qm/Qtot nor Qs/Qtot (figure 3) differed between HPH and Gluc, whether used alone or with histidine or cysteine.
DISCUSSION
The high prevalence of iron deficiency and the low unpredictable rate of its digestive absorption [4, 16] have led to the search for an efficient, protected form of iron. Haemoglobin iron is naturally protected from digestive interactions [16] . Heme is taken up intact by the enterocyte via a specific pathway after it has been cleaved from globin by digestive enzymes, and is released into the mucosal cell by the action of an heme oxygenase [4, 5] . The bioavailability of heme iron depends on iron stores [4, 5, 11, 13, 27] but is rather independent of the composition of the diet and of the content of the lumen [4, 22] . Increased heme iron intake is associated with an improved iron status in infants [26] . Heme iron has been successfully used for food fortification [15, 32] . It decreases the negative interactions between iron and minerals and trace elements [28] . The [20] .
The Ussing chamber allows the differentiation of uptake from the mucosal step of iron absorption [9] . Contrary to cell cultures, it uses live, fully organised digestive membranes, including the mucus layer, which affects the diffusion of iron from the lumen to the enterocyte [4] . The two iron concentrations used in our model were chosen to mimic the concentrations that occur during digestion of a meal or after the ingestion of a pharmacological supplement.
As expected the rate of iron transfer across the membrane was lower for 1 mM than for 100 !M solutions of both forms of iron, demonstrating that absorption of HPH iron is regulated. A small increase in Gluc iron transfer across the cell was observed.
However, it was associated with a large increase in mucosal retention, which could lead to oxidative stress in the mucosa [l, 21] . Mucosa seems to be protected from accumulation of iron when it is provided as HPH [29] .
For 100 11 M solutions, the absorption of HPH iron was similar to that of Gluc iron which is a highly bioavailable iron source [16] .
The absorption of heme iron is less influenced by environmental factors than that of inorganic iron [4] . However, previous studies have shown that the bioavailability of heme iron varies widely according to the process used to produce heme: intact, nondenatured haemoglobin is better absorbed than pure heme without globin. The rate of absorption of heme hemolysate iron is higher than haemoglobin iron, but decreases with further purification [2, 5, 6, 11, 12, 22, 27, 28, 30] . Presence of meat increases the absorption of heme iron [7, 11, 18, 23, 25, 28] . The mechanisms are not fully understood but may be related to the inhibition of the polymerisation of heme molecules in the presence of protein digestion products, which disappear during purification. Therefore, it is important to note that the amino acid profile of the HPH peptides is quite similar to the composition of globin [20] .
Non-heme iron absorption is affected mainly by reducing agents which keep it in a ferrous state and by weak ligands which bind Fe 3+ and keep it soluble till it reaches mucin [4] . Peptides produced by the digestion of meat are rich in cysteine [31] ; cysteine and reduced cysteinyl-glycyl from glutathione increase heme iron absorption [19, 24] . Cysteine and histidine, which are tridentate ions [ 17] , also improve non-heme iron absorption [3, 24, 31, 33] . Histidine, however, has no effect in humans [ 19, 23] . We confirmed that cysteine increased iron absorption whereas histidine did not. This effect was observed for heme and non-heme iron. As cysteine affects non-heme iron absorption mainly by reduction rather than by increasing its solubility [8, 14, 24] However, at pharmacological levels, the increase in iron absorption from heme was less than that from gluconate, suggesting that mucosa is protected from wide fluctuations of iron intakes when iron is provided as heme.
The high bioavailability of this concentrated heme should be tested by human studies.
